Background--Tricuspid annuloplasty is increasingly performed during left heart valve surgery, but the long-term clinical outcome postoperatively is not satisfactory. The aim of this study was to determine whether residual pulmonary hypertension (PHT) contributes to the adverse outcome.
T ricuspid regurgitation (TR) secondary to left heart valve disease is associated with increased mortality and decreased functional outcome. 1, 2 In order to reduce TR and improve clinical outcome, interest in tricuspid annuloplasty (TA) during left heart valve surgery has increased in recent years [3] [4] [5] and the number of tricuspid procedures has doubled during the past decade. 6 Although TA has shown a satisfactory perioperative and 30-day result, 10-year survival is limited to 50% to 74%. [7] [8] [9] [10] [11] It is thus important to understand the mechanism that contributes to the high events rate in order to improve the postoperative clinical outcome in these patients. The pathophysiology of TR in patients with left heart valve disease is multifactorial and includes the presence of pulmonary hypertension (PHT). 12 In addition, TR may cause right ventricular (RV) failure and shift the interventricular septum, resulting in restricted left ventricular (LV) filling and subsequent increased LV diastolic and pulmonary artery systolic pressure (PASP). 13 The presence of TR and PHT are thus closely associated, and one contributes to the other in patients with left heart valve disease. Despite correction of both TR and left heart valve status in patients who undergo concomitant TA during left heart valve surgery, PASP may remain high. Little is known about the prevalence of residual PHT and its prognostic implication in patients undergoing TA. The aim of the present study was to evaluate the prevalence and predictors of residual PHT, and determine whether it contributes to an adverse outcome in patients who undergo concomitant TA during left heart valve surgery.
Methods Study Population
From January 2008 to February 2014, a total of 194 consecutive Chinese patients who underwent elective TA together with leftside valve surgery at Queen Mary Hospital were prospectively recruited. Patients with a documented history of congenital heart disease (n=6) or implanted pacemaker (n=10) were excluded. Detailed echocardiographic assessment was performed before and at least 6 months following surgery (median 25 months). Patients with poor quality echocardiography images (n=25) that were not suitable for further measurement were also excluded. Adverse outcome was defined as the occurrence of heart failure requiring admission or cardiovascular mortality. All outcomes were retrieved from the interhospital system or by telephone interview. An additional 16 patients who experienced heart failure (median 1.5 months) before follow-up echocardiography for evaluation of residual PHT were excluded. A final total of 137 patients (41 male; mean age 61 years with SD of 11) were included in this study. The study was part of the Chinese Valvular Heart Disease Study to evaluate Chinese patients with valvular heart disease in an attempt to evaluate the pattern of disease, pathophysiology, and their clinical outcome. 14 The study was approved by the ethics committee of the West Cluster Hospital Authority of Hong Kong, and all subjects gave written informed consent.
Clinical Parameters
Clinical data on preoperative and postoperative variables were collected from patient records by 1 investigator. The etiology of valvular heart disease was recorded as chronic rheumatic heart disease or non-chronic rheumatic heart disease according to the predominant lesion of the valve. Combined valvular surgery with TA was also recorded. New York Heart Association classification was recorded as class I/II or class III/IV, and the status of valvular atrial fibrillation was also recorded for each subject. Conventional cardiovascular risk factors such as history of diabetes mellitus, hypercholesterolemia, hypertension, and smoking status were documented. Data on cardiovascular medication prescribed following TA were retrieved from Hospital Authority records.
Conventional Echocardiography
Detailed transthoracic echocardiography was performed in all subjects before and after cardiac surgery. Patients were imaged in the left lateral decubitus position using a commercially available echocardiography system (Vingmed Vivid 7; General Electric Vingmed Ultrasound, Milwaukee, WI). A 3.5-MHz transducer was used to obtain images that were digitally stored in cine-loop format (5 cardiac cycles). Offline analysis was performed using EchoPAC version 112.0 (General Electric-Vingmed, Horten, Norway). The LV systolic and diastolic volume and ejection fraction were measured according to the modified biplane Simpson's rule. 15 Right heart echocardiographic parameters were measured according to the current recommendations. 15, 16 From the apical 4-chamber views, the following RV parameters were measured: RV basal and midcavity diameter, and RV longitudinal dimension. The basal diameter was defined as the maximal short-axis dimension in the basal one third of the RV seen on the 4-chamber view. The midcavity diameter was measured in the middle third of the RV at the level of the LV papillary muscles. The longitudinal dimension is the distance from the plane of the tricuspid annulus to the RV apex. The RV spherical index was calculated from the following equation: (midcavity diameter9longitudinal dimension)/(basal diameter). 17 From the same view, RV end-diastolic area (RVEDA) and end-systolic area (RVESA) were measured by manually tracing the RV endocardial border, and RV fractional area change (RVFAC) was calculated from the following equation: (RVEDAÀRVESA)/RVEDA9100%. 16 Minimal tricuspid valve (TV) annular dimension was measured at end diastole from the insertion of the septal leaflet to the insertion of the anterior leaflet. The TV tethering area was then measured by tracing the area between the atrial surface of the leaflets and the annulus plane at end systole. Finally, PASP was estimated by RV systolic pressure that was calculated from peak TR velocity by continuous-wave Doppler using simplified Bernoulli equation and combining this value with the estimated right atrial pressure (RAP): PASP=4(V) 2 +RAP.
16
PHT was graded according to the PASP value based on the results of the transthoracic echocardiography examination before and after TA surgery: No PHT was diagnosed if PASP <35 mm Hg, mild PHT with 35 ≤PASP <50 mm Hg, and significant PHT with PASP ≥50 mm Hg. 
Statistical Analysis
Data are expressed as meanAESD for continuous variables and frequencies or proportions for categorical variables. One-way ANOVA with post-hoc test by Bonferroni was used to examine the differences among groups. Unadjusted and adjusted logistic regression analysis was performed to determine the independent variables of preoperative RV parameters most associated with residual PHT following TA. Kaplan-Meier curve was constructed and the adverse outcomes among 3 groups were compared using the log-rank test. Scaled Schoenfield residuals regressed on time were used to test for the proportional hazards assumption. Cox regression model adjusted for age, sex, and New York Heart Association class III/IV was performed to evaluate the impact of residual PHT on cardiovascular adverse events. The test of proportional hazards assumption was performed using Stata, Version 13.0 (StataCorp LP, College Station, TX), and all other statistical analyses were performed using the statistical package SPSS for windows (Version 17.0; SPSS, Chicago, IL) and P values reported are 2-sided for consistency. A value of P<0.05 was considered statistically significant.
Results

Baseline Characteristics
The mean age of the study population was 61AE11 years and 41 (30%) were male. The majority of patients had underlying atrial fibrillation and 99 (72%) had chronic rheumatic heart 
Prevalence and residual PHT in patients following TA
Following TA, mean PASP was significantly reduced to 32AE15 mm Hg (range, 10-66 mm Hg; P<0.01) and 78 (57%) patients had no residual PHT following TA. Nonetheless, mild residual PHT was present in 43 (31%) patients and significant residual PHT in 16 (12%). The detailed changes in the degree of PHT before and following TA are described in Figure 1 .
Clinical characteristics in patients with residual PHT
The baseline clinical characteristics of patients with no residual PHT, mild residual PHT, and significant residual PHT are shown in Table 1 . Patients were older in those with mild residual PHT or significant residual PHT compared with those with no residual PHT. Nonetheless, other clinical parameters were similar among all 3 groups.
Preoperative echocardiographic parameters
The preoperative echocardiographic parameters for the 3 groups are shown in Table 2 . LV dimension and ejection fraction were similar among all 3 groups. The RV basal, midcavity diameters, and TV annulus diameter were larger in patients with significant residual PHT than in those with no residual PHT. Patients with mild or significant residual PHT had a higher prevalence of severe TR than those with no residual PHT. Nonetheless, the remaining RV echocardiographic parameters were similar for the 3 groups. Multivariable logistic regression adjusted for age, sex, and New York Heart Association class was performed for each preoperative right heart parameter to look for independent variables associated with residual PHT following TA (Table 3) . Results showed that preoperative RV basal and midcavity diameter, TV annulus, TV tethering area, and TR degree were all independent parameters associated with mild or significant residual PHT in patients undergoing TA. No such association was found for other parameters. Postoperative echocardiographic parameters
The postoperative echocardiographic characteristics of patients following TA are shown in Table 4 . The RV geometry including the RV basal diameter, RVEDA, RVESA, and TV tethering area were larger in patients with significant residual PHT than in those with mild residual PHT or no residual PHT.
Furthermore, severe TR following TA was more common in patients with significant residual PHT compared with the other 2 groups. No difference was evident in other postoperative echocardiographic parameters among the 3 groups. All patients had an improved LV and RV geometry and function following TA (Table S1 ). Furthermore, patients with no residual PHT had significant improvement in both LV and RV dimension and function, whereas the improvement of LV function became insignificant in patients with mild residual PHT. Importantly, the RVEDA and RVFAC were not significantly improved in patients with significant residual PHT.
Adverse outcome
The median duration of follow-up after postoperative echocardiography was 25 months (range 1-95 months). A total of 24 adverse events occurred during this time: 20 patients developed congestive heart failure and 4 cardiovascular mortality (2 heart failure-related, 1 sudden death, and 1 acute myocardial infarction). Kaplan-Meier survival curves according to the degree of residual PHT are shown in Figure 2 , and the P for testing proportional hazards assumption was 0.64, indicating that the scaled Schoenfield residuals showed no association with time. Patients who underwent TA with significant residual PHT had the highest percentage of adverse events, followed by patients with mild residual PHT. Patients with no residual PHT had a very low risk of adverse events. To be specific, the rate of freedom from adverse events after TA at 1 and 3 years was 75AE11% and 18AE15% in patients with significant residual PHT, 92AE4% and 75AE8% in those with mild residual PHT, and 98AE2% and 86AE7% in patients with no residual PHT, respectively (P<0.01). After adjusting for age, sex, and New York Heart Association class, both mild and significant residual PHT were independent factors associated with adverse events in patients undergoing TA (Table 5) .
Discussion
The present study demonstrated that residual PHT occurred in 43% of patients who underwent TA. Preoperative enlarged RV geometry, namely, basal, midcavity diameters, TV annulus diameter, TV tethering area, and significant TR were associated with residual PHT. Patients with no and mild residual PHT had improved RV dimension and function but not in patients with significant residual PHT. Importantly, the presence of mild residual PHT had a 4.9-fold risk and significant residual PHT had an 8.7-fold risk of adverse events compared with no residual PHT. These results provide evidence that residual PHT in patients who undergo TA, a common condition, is an important factor that contributes to adverse events following surgery. In the present study where patients required concomitant TA during left heart surgery, the prevalence of preoperative PHT was 88%. This high prevalence of preoperative PHT was expected, as the presence of significant TR may increase PASP irrespective of the left heart valve status. In the same context, prior reports have shown that the prevalence of postoperative residual PHT varies according to different types of valve surgery: 5% to 13% in patients who undergo mitral valve repair 19, 20 and over 40% in those who undergo mitral valve replacement. 21 Nonetheless, the prevalence of residual PHT in patients undergoing TA has not been studied. In the present study, 43% of patients had residual PHT and 27% had significant residual PHT (PASP ≥50 mm Hg). The underlying mechanism of residual PHT in these patients, even after correction of both left and right heart valvular status, remains uncertain. In patients with left heart valvular disease, the mechanism of PHT includes the following: (1) passive retrograde transmission of elevated left atrial pressures as a result of left heart valvular disease; (2) reactive pulmonary vasoconstriction; and (3) irreversible pulmonary vascular remodeling. Patients with left heart valvular disease who had concomitant TR had another factor that contributed to PHT: TR causing RV dilatation and dysfunction, shifting the interventricular septum towards the left ventricle, causing restricted LV filling and increased LV diastolic and pulmonary artery pressure, a phenomenon described as "restriction dilation syndrome." 13 By correcting both the left and right valvular status, the remaining patients with residual PHT are likely to be those with irreversible pulmonary vascular remodeling. This presumption should nonetheless be confirmed by future studies that determine the relationship of the reversibility of preoperative pulmonary vascular remodeling with residual PHT following surgery. The present study demonstrated that older age and the presence of severe TR were associated with residual PHT following TA. Nonetheless, previous studies have not evaluated the preoperative RV geometry in relation to the development of residual PHT in patients who undergo valve surgery. The current study provides firm evidence that RV geometry, including RV basal, midcavity diameter, TV annulus diameter, and TV tethering area, are associated with residual PHT following TA. These results suggest that the presence of RV adverse remodeling, representing longstanding disease duration, is closely associated with an irreversible component of PHT. As a result, early surgical correction of valvular status, before the development of RV geometry enlargement and possibly irreversible pulmonary vascular remodeling, may reduce the chance of developing residual PHT.
Although there is evidence that concomitant TA is a lowrisk procedure with no increase in perioperative mortality and morbidity, 22, 23 these patients had a high mortality rate late after surgery. In the present study, the development of both mild and significant residual PHT was independently associated with adverse outcome. This could be explained by the presence of residual PHT and consequent increased RV afterload with ultimate progression to chamber dilatation and RV failure. 24 This is further confirmed by the fact that patients with significant residual PHT had no improvement of RV function and dimension. The prognostic value of PHT has also been reported in patients who undergo left heart valve surgery without concomitant TA. [25] [26] [27] [28] The present study thus emphasizes that residual PHT is a key mechanism that could explain the high adverse outcome in these patients. 
Clinical Implications
The present study demonstrates that mild and significant residual PHT carries a 4.9-and 8.7-fold increased risk of adverse events, respectively. Indeed, 25% and 82% of patients with significant residual PHT will develop adverse events after 1 and 3 years, respectively. Routine postoperative echocardiography to identify the presence of residual PHT in patients who undergo TA is thus essential to identify those at high risk.
In addition, the present study also demonstrated that patients with preoperative RV geometry dilatation and a large TV tethering area were likely to develop residual PHT. This further supports our prior observation that early surgical correction, before alteration of RV geometry and TV tethering area, improves clinical outcome possibly by preventing the development of residual PHT. 14 
Limitations
The present study was not able to determine the presence of irreversible pulmonary vascular remodeling that can only be assessed by invasive right heart catheterization and reversibility testing. Due to the limited sample size, some factors such as sex, TV tethering area, RV end-systolic area, and RVEDA were not very strong but might have provided some evidence of making a difference. Future study including such assessment may provide additional insight into the underlying pathophysiology of residual PHT. Furthermore, only patients who underwent TA together with left-side heart valve surgery were studied; results should be verified in patients with isolated TR.
Conclusions
This study demonstrated that residual PHT occurred in 43% of patients who underwent TA and was associated with a preoperative enlarged RV geometry and TV tethering area. Importantly, the presence of mild residual PHT had a 4.9-fold risk and significant residual PHT had an 8.7-fold risk of adverse events compared with those with no residual PHT. This provides evidence that residual PHT is an important factor that contributes to adverse events in patients undergoing TA.
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